Abstract: Electrospinning technology is used to fabricate sub-micrometric fiber mats made of a random equimolar poly(lactide-co-glycolide) copolymer (PLGA), whose in vitro hydrolytic degradation kinetics is investigated over a period of 49 days in phosphate buffer at 37 °C. The PLGA mats show a decrease of molecular weight (by GPC) from the very beginning of the experiment, whereas a macroscopic weight loss from the samples is appreciated (by gravimetry) only after 20 days of buffer exposure. The molar mass distribution curves remain monomodal during the degradation experiment suggesting that no acid auto-catalyzed hydrolysis, commonly observed in bulk specimens, occurs in sub-micrometric PLGA fibers. PLGA scaffolds containing Endothelial Growth Factor Supplement (ECGS) were also fabricated by electrospinning, from ECGS-containing polymer solutions. Mesenchymal cells derived from human bone marrow mononuclear cells were cultured in the presence of such ECGS-loaded PLGA scaffolds. Flow cytometry and Differential Interference Contrast microscopy were used to characterize the cell cultures over a 7 day period. The results of AnexinV/PI staining and of intranuclear Ki-67 protein expression show, together with concomitant cell morphology modifications, that growth factors released from the scaffolds support the survival, proliferation and growth of the mesenchymal cells. This result demonstrates that ECGS maintains its bioactivity upon release from the electrospun fibers and shows the versatility of the electrospinning technique.
Introduction
At the beginning of the nineties, tissue engineering appeared as a new interdisciplinary science aimed at regenerating damaged tissues. In the most classic paradigm of this field, tissue regeneration may be achieved by the use of an "engineered tissue", i.e. a porous bioresorbable scaffold containing in vitro grown specific cells. The in vitro colonized scaffold is implanted in the human body where it is eventually bioresorbed and it is replaced by in vivo produced new tissue [1] .
To date, many problems are still to be solved and many questions have to be answered, in order to design and fabricate an 'ideal' engineered tissue. Just a few, as an example: (i) which kind of cells should be used to develop the appropriate tissue (i.e. heterologous or autologous cells, differentiated or stem cells), (ii) which is the optimal in vitro cell culture setup for constructing specific engineered tissues, (iii) which is the most appropriate 3-D scaffold structure for each specific tissue regeneration problem, (iv) which material should be chosen as the scaffold main constituent.
In particular, the choice of an appropriate scaffold -in terms of three-dimensional structure and of chemical and physical properties -is crucial. The structure of the scaffold is controlled by the technology applied in scaffold fabrication. Many techniques have been developed to achieve the production of porous scaffolds, as for example particulate leaching, gas foaming, phase inversion, etc [2, 3, 4, 5, 6] . In addition to the mentioned strategies, in recent years electrospinning (ES) technology has attracted growing interest. Indeed, ES enables the production of porous scaffolds, with interconnected pores, composed of polymeric micro-or nanofibers that mimic the extra-cellular matrix (ECM) topology [7, 8, 9] . In fact, in the most common configuration of the instrumental apparatus, fibers are collected in the form of randomly oriented non-woven mats, reminiscent of the collagen fiber distribution in the ECM. Recent instrumental implementation involves ad hoc modification of both spinning devices and fiber collectors, leading to a broad choice of fiber layering options (iso-orientation, specific patterning, etc.) [10, 11] . Moreover, careful tuning of the processing parameters allows fabrication of nanofibers with desired diameter. Micro/nano-architecture of the scaffold (i.e. fiber size and orientation) are expected to influence cell behavior and to play a crucial role in engineered tissue fabrication [12] .
A wide variety of materials have been used to produce scaffolds. They are mostly polymers, sometimes associated with inorganic substances, especially in the realization of scaffolds for bone tissue engineering. Polymeric materials include: natural polymers, such as polysaccharides (hyaluronic acid, agarose, alginate, etc.), proteins (collagen, gelatin, silk fibroin, etc.) and synthetic polymers, such as poly(lactide-co-glycolide) copolymers, polycaprolactone, poly-hydroxyalkanoates, polyanhydrides, etc [4, 13] . Interestingly, polymeric scaffolds can be functionalized with suitable biomolecules in order to activate specific cellular cascades. Biomolecules can be introduced in the bulk of the scaffold, through the incorporation of drugs or growth factors that are subsequently released in the culture medium where they display their functionality towards cells [14, 15] . Alternatively, it is the scaffold's surface that is functionalized through the immobilization of specific biomolecules such as for example adhesion peptides [16, 17, 18] .
Whatever the choice, the scaffold material should be bioresorbable in the organism, i.e. it should degrade in order to be substituted in vivo by the new tissue. This process requires an accurate tuning of the rates of tissue regeneration and of scaffold degradation. In this context poly(lactide-co-glycolide) copolymers are extremely interesting. They are hydrolysable in the human body and are bioresorbable because their degradation products enter the metabolic cycles of the organism [16, 19] . Moreover, during copolymer synthesis it is possible to control the molar ratio of lactide to glycolide, thus regulating the global degree of hydrophilicity of the obtained material. By this means copolymers with a wide range of degradation rates, depending mainly on the molar ratio of the two starting monomers, can be obtained. Other factors that affect the rate of hydrolysis are material morphology (essentially the amorphous to crystalline phase ratio), molecular weight of the polymer and specimen dimensions.
To date several hydrolytic degradation studies have been performed on poly(lactideco-glycolide) that clarify the hydrolysis mechanism of this polyester family. It is wellknown that polyesters hydrolytically degrade upon water diffusion in the material and that carboxylic end groups produced during hydrolysis may display an autocatalytic effect on the process kinetics [20] . Autocatalysis mostly affects the rate of degradation of bulky specimens, owing to limited diffusion of the acidic polymeric fragments that accumulate at the specimen core. As a consequence, the degradation rate is faster in the bulk than at the sample surface. This feature may lead to sample rupture with liberation of solid fragments and sudden release of acidic products from the sample core, that may cause in vivo inflammatory phenomena.
Several studies regarding the degradation process of large devices exist [21, 22] , whereas fewer data on small-size specimens are available in the literature. In general, literature results demonstrate that larger specimens degrade faster compared with smaller ones [23, 24] owing to the effect played by autocatalysis in the former. However, the dimensional limit below which the autocatalytic effect becomes unimportant is not yet clear, especially in the case of sub-micrometric fibers, such as those that can be obtained by electrospinning technology. A limited number of studies concerning the hydrolytic degradation of electrospun fibers are available to date [25, 26, 27, 28] whose results are often conflicting and not at all exhaustive.
In the present work a random equimolar poly(lactide-co-glycolide) copolymer (PLGA) is used to obtain porous bioresorbable scaffolds by electrospinning technology. An in vitro hydrolytic degradation study is carried out to investigate the time-scale of hydrolytic degradation of PLGA fabricated into a mesh of sub-micrometer fibers. In addition, the effect -if any -of autocatalysis on the degradation process of this specific type of small size specimen is evaluated. Although it is known that the rate of degradation in vitro and in vivo can be remarkably different, for practical purposes it may be worth investigating the fate of the acidic low molecular weight degradation products, i.e. ascertaining if they can escape from the thin fibers of the electrospun scaffold, instead of being confined at the fiber core.
In this work, PLGA fibrous scaffolds containing Endothelial Growth Factor Supplement (ECGS) were also fabricated by electrospinning, from ECGS-containing polymer solutions. To the best of our knowledge, to date only Leong and coworkers [29] attempted the incorporation of a neural growth factor (NGF) into electrospun fibers of caprolactone-ethylethylene phosphate copolymer, and reported a degree of NGF activity after its release from the fibers.
Mesenchymal cells derived from human bone marrow mononuclear cells were cultured in the presence of ECGS-loaded PLGA scaffolds, with the aim to investigate whether such scaffolds are able to influence cell viability and growth, and to modulate cell shape.
Results and Discussion

Scaffold fabrication
Electrospinning technology enables the production of polymeric nanofibers by establishing a high voltage difference between the metallic needle ejecting the polymeric solution and the collector. In order to obtain defect-free nanofibers, a number of variables of the electrospinning experiment must be optimized i.e.(a) solution parameters (concentration, dielectric constant and vapor pressure of the polymer solution), (b) instrumental parameters (applied voltage, needle to collector distance, solution flow rate) and (c) environmental parameters (temperature and relative humidity). None of the mentioned variables plays an independent role on the final fibre morphology. On the contrary, their influence is closely interconnected and the overall control of the electrospinning process is a rather complicated problem. The processing conditions described in the Experimental Section are the result of an optimization procedure aimed at obtaining fibers with sub-micron diameter and free from the known "bead" defects. Figure 1 shows as an example, a representative SEM micrograph of the obtained fiber mats together with a plot of the fiber diameter distribution (average diameter around 800 nm). All ES mats fabricated in this work, including those loaded with ECGS, were composed of randomly oriented defect-free fibers, like those illustrated in Figure 1 .
In vitro hydrolytic degradation
Hydrolytic degradation experiments on the ES mats were run at 37 °C in phosphate buffer solution (pH = 7.4) up to a maximum of 49 days. After selected exposure times, the samples were recovered from solution and, after washing and drying, they were subjected to gravimetric, GPC and SEM analyses in order to evaluate, respectively, changes of sample weight, of polymer molar mass distribution and of fiber morphology. The results are summarized in Table 1 , that lists both weight (M w ) and number (M n ) average molecular weight together with the percent of sample mass remaining after buffer exposure, m x (%).
The GPC curves of ES samples recovered after selected hydrolytic degradation times (indicated as Y-PLGA, where Y represent the days of permanence in buffer solution) are shown in Figure 2 , together with the GPC curve of the non-degraded sample (0-PLGA) as a reference.
Over the whole time scale of the experiment, the GPC curve experiences a gradual shift towards lower molecular weight, without appreciable change of shape. This result shows that the samples recovered from buffer after increasing exposure times contain a growing fraction of low molecular weight chains and a smaller number of long macromolecules. The process is evident from the very beginning of the A number of studies have been devoted to the elucidation of the hydrolytic degradation mechanism of polyesters, particularly of poly-α-hydroxyacids [22] . It is Log Mw well known that, due to the carboxylic end groups produced during hydrolysis, this class of polymers degrades via an acidic auto-catalyzed hydrolytic process. This effect is mostly relevant in bulk samples, owing to limited diffusion of the acidic polymeric fragments that accumulate at the specimen core where, as a consequence, the degradation rate is faster than at the surface.
In their thorough studies of polylactide hydrolytic degradation, Vert and coworkers reported that in the presence of the auto-catalytic effect, the molecular weight distribution tends to change from monomodal to bimodal [30] , due to different degradation rate at the surface and in the inner part of the polymer sample. When the thickness of the material subjected to hydrolysis changes, evidence of a change in the degradation mechanism can be found in the literature. In the case of films, for example, Garreau et al. [23] found no evidence of auto-catalytic effect in the hydrolysis of 300 μm thick PLGA samples, whose GPC curved remained monomodal. It is worth pointing out, however, that work by Lu et al. [24] on even thinner PLGA films (100 μm thick) reports contrasting results, i.e. GPC curves that change from monomodal to bimodal with increasing degradation time, that are compatible with auto-catalyzed degradation.
In the PLGA fiber mats analyzed in this study, the results of Figure 2 suggest that the auto-catalytic effect is not relevant, according to the above interpretation of the changes of GPC profile during hydrolytic degradation. This result is not surprising, given the very small cross section of the electrospun fibers that should allow diffusion of the low molecular weight acidic fragments out of the fiber into the buffer solution. Figure 3 compares the changes of sample weight as a function of time (from Table 1 ) with the corresponding mass changes at the molecular level (M w changes), both quantities being expressed as percentage remaining after a given time in buffer solution. Unlike the molar mass that decreases, as discussed above, from the very beginning of the degradation experiment, the ES mats show an appreciable weight loss only after 20 days. The observed weight loss is attributed to dissolution into the surrounding medium of low molecular-weight chain fragments produced by hydrolytic degradation. It is interesting to note that around day 20 the time dependence of the molar mass shows a clear change of slope, showing that the rate of molecular weight decrease abruptly slows down. This result reflects the absence, in samples recovered after more than 20 days in buffer, of the short chain fragments produced by hydrolysis that are responsible of the fast M w decrease up to day 19. For exposure times longer than 20 days, such fragments are released from the sample via solubilization in the medium (see mass loss behavior in Figure 3 ). The ES mat samples retrieved during the degradation experiment were also subjected to TGA measurements. Figure 4 compares the obtained TGA curves with that of the original non-exposed fiber mat. The thermal degradation step of PLGA (temperature of maximum weight loss rate, T max = 350 °C) is seen to shift to lower temperature, indicating a clear decrease of thermal stability with increasing time of buffer exposure. Interestingly T max decreases up to day 20, then it becomes almost constant (see insert in Figure 4 ). It is worth pointing out the great similarity of behavior of thermal stability and of molar mass of the samples recovered from buffer as a function of time (compare Figures 4 and 3) . This result is in perfect agreement with earlier data showing that thermal stability of polyesters depends on their molecular weight, and in particular that when it decreases the shorter the chains [31] . It can be observed that cavities at the surface and discontinuities begin to appear in the fibers after a residence time in buffer that roughly corresponds to the number of days where gravimetric measurements on the recovered samples show weight loss (Figure 3 ). Figure 5c also shows the picture of an ES mat recovered towards the end of the degradation experiment (42-PLGA) where the progression of the erosion process with exposure time is clearly observed.
Cell cultures in the presence of plain and of ECGS-loaded electrospun scaffolds
Mesenchymal cells derived from human bone marrow mononuclear cells were cultured as described in the Experimental Section in the presence of both plain scaffolds (0-ECGS) and of ECGS-loaded (0.4-ECGS and 4.8 ECGS) scaffolds. The aim of this preliminary study is to investigate by flow cytometry and Differential Interference Contrast (DIC) microscopy cell functional and structural integrity properties, e.g., viability, growth, spreading and shape, which are known to be strong determinants of the cell fate [32, 33, 34, 35] . Cell behavior in the presence of unloaded and of ECGS-loaded mats is compared with that of the positive and negative control cultures. As assessed by Annexin V -FITC / PI staining, cell viability was high ( > 95%) in all experimental conditions (Figure 6a ). The percentage of cells expressing Ki-67 (Figure 6b ), i.e. an intranuclear protein commonly used to estimate cell proliferation [36, 37] , was higher in both the positive control and in the 0.4-ECGS and 4.8-ECGS experiments when compared to the percentage of positivity seen in negative control and 0-ECGS. This result indicates that cells are stimulated to proliferate when cultured in the presence of directly supplemented ECGS, as well as of ECGS-loaded scaffolds. The phase contrast images show that the initial cell density varies from sample to sample. To estimate changes in cell density occurring after 7 days in the different culturing conditions, the number of cells were estimated as described in the Experimental Section. Table 2 lists cell number at day 0 and at day 7 as well as the observed percentage increment.
Tab. 2.
Cell number changes after 7 culture days. As illustrated by the micrographs of Figure 7 , the exposure to ECGS (either directly supplemented in the positive control or released from the ECGS-loaded scaffolds) not only promotes cell growth but also influences cell area and overall cell shape, evaluated according to Equation (2) . Both parameters are listed in Table 3 at day 0 and day 7. 79 (9) 86 (4) 9 Positive control c)
81 (8) 115 ( 54 (4) 59 (2) Visual inspection of the pictures in Figure 7 shows that at day 0 most of the cells have round or elongated shape. At day 7, in the positive control and in the cultures with 0.4-ECGS and 4.8-ECGS a rather clear change in cell shape can be appreciated. Many cells have assumed a romboidal shape, in agreement with the mentioned shape index change. In culture, mesenchymal cells can assume distinct yet subtle shape differences in relation to their phenotype lineage; for instance, the shape index of endothelial-like cells is expected to be smaller (in the range 0-0.5) than that of fibroblast-like cells (range 0.5-1), and again a cobblestone morphology is seen when human endothelial cells derived from umbelical veins are grown. Whether the observed cell shape change could correspond to a true phenotypic shift toward an endothelial-like lineage remains to be established. Taken together these data indicate that ECGS delivered from the scaffolds retains an activity comparable to that of the positive control and that the electrospinning methodology is suitable for production of bio-active nanofibrous scaffolds.
This study provides data on the time-scale of in vitro hydrolytic degradation of electrospun PLGA mats. Such kind of information is crucial in the design of scaffolds for tissue engineering with tuned bio-resorption rates. In the experiment in buffer at 37 °C lasting 49 days, it is shown that the decrease of PLGA molecular weight starts from the very beginning of buffer exposure, whereas macroscopic weight loss from the fiber mat is observed only after 20 days in buffer. Analysis of the molar mass distribution curves of samples retrieved after different buffer exposure times do not (2) indicate the occurrence of acid auto-catalyzed hydrolysis, as commonly observed in bulk specimens. This implies that the small diameter of the electrospun fibers allows diffusion of the acidic polymer low molecular weight degradation fragments into the surrounding buffer solution.
This work also demonstrates that growth factors can be incorporated in submicrometric fibers by electrospinning without loss of bio-activity. As a matter of fact, by flow cytometry analysis of both AnexinV/PI staining and intranuclear Ki-67 protein expression, and by observing corresponding cell morphology modifications, it is shown that growth factors released from ECGS-loaded electrospun scaffolds support the survival, proliferation and growth of human bone marrow mesenchymal cells. It is also speculated that cell shape changes promoted by ECGS loaded scaffolds might provide an indirect evidence of mesenchymal cell differentiation early commitment. These results may have a significant impact on current medical strategies based on stem cell tissue engineering. For example, nanofibrous scaffolds that structurally mimic the ECM and locally release growth factors may offer an alternative healing perspective in the field of the insidious foot ulcers quite common among diabetics. Indeed, the diabetic foot might be treated without the use of cells, whose in vivo behavior is still under investigation, with reduced social costs and improved patient quality of life. In conclusion, this study demonstrates that growth factors incorporated in fibrous scaffolds obtained by electrospinning maintain their bioactivity upon release in the culture medium and shows the versatility of the electrospinning technique.
Experimental Part
Scaffold fabrication -Materials
Poly(lactide-co-glycolide) (PLGA) random copolymer (M w =70300 g/mol, M n =24400 g/mol, 50 mol % glycolide units), synthesized using a low-toxicity zirconium-based initiator as previously described, [38] was kindly provided by Dr. P. Dobrzynski (Institute of Polymers and Carbon Materials, Zabrze, Poland). Endothelial cell growth supplement (ECGS) from Bovine Neural Tissue was purchased from Sigma while chloroform (CLF), N,N-dimethylformamide (DMF) and 1,1,3,3,3-hexafluoro-2-propanol (HFP) were supplied by Aldrich.
-Electrospinning experiments A home-made electrospinning apparatus, composed of a high voltage power supply (Spellman, SL 50 P 10/CE/230), a syringe pump (KDScientific 200 series) with a glass syringe and stainless-steel blunt-ended needle (inner diameter: 0.84 mm) and a grounded flat metal collector (7x7 cm), was used. Needle and collector were mutually perpendicular, the needle being placed vertically. PLGA was dissolved in a three-component solvent system (CLF:DMF:HFP, volume ratio = 60:30:10). The polymer concentration was 15% w/V and the solution was electrospun into nonwoven mats using the following electrospinning conditions: applied voltage = 18 kV, needle to collector distance = 12 cm, flow-rate = 2 x 10 -2 ml/min. The process was conducted at room temperature and relative humidity RH = 40-50 %. Additional mats were also obtained by electrospinning the above described solution with the addition of different amounts of lyophilized ECGS (endothelial cell growth factor supplement).
Such mats are labeled x-ECGS, where x indicates the percentage ECGS content (ECGS weight /polymer weight).
Characterization methods
The polymer molar mass was evaluated by Gel Permeation Chromatography (GPC) in chloroform (flow rate= 1 ml·min -1 ) at 35 °C, using a Viscotek solvent delivery system with a set of two TosoHaas Hxl-M columns and a Shodex SE 61 refractive index detector. A volume of 100 μL of sample solution in chloroform (5% w/V) was injected. Polystyrene standards were used to generate a calibration curve. Thermogravimetric analysis (TGA) was performed with a TA Instruments TGA2950 from room temperature to 600 °C, at a heating rate of 10 °C/min, in a nitrogen atmosphere. Scanning Electron Microscopy (SEM) was carried out with a Philips515 at an accelerating voltage of 15 kV, on samples sputter-coated with gold. The distribution of fiber diameters was determined, through the measurement of 200 fibers, using an acquisition and image analysis software (EDAX Genesis).
In vitro degradation study
Samples of about 20 mg, cut from PLGA mats, were dried over P 2 O 5 under vacuum at room temperature for 2 days and then they were weighed to yield the sample initial weight (m 0 ). Since hydrolytic degradation experiments require uniform and complete wetting of the fibers, that may be prevented by air entrapped in the mat pores, preliminary to the experiment each sample was placed in a vial containing phosphate buffer solution (1 M, pH=7,4) connected with a vacuum system. While the entrapped air escaped, the initially floating mat dropped to the vial bottom. This wetting procedure lasted about 10 minutes. The samples were then transferred to individual vials containing 10 ml of buffer solution and incubated in a shaking bath (Stuart Scientific, SBS30) at 37 °C and 50 revs/min. The buffer solution was periodically changed to keep the pH constant. After selected exposure times, up to a maximum of 49 days, samples were recovered, repeatedly washed with deionized water to remove the buffer salt and then dried over P 2 O 5 under vacuum for 2 days to constant weight (m x , where x indicates the number of days of buffer exposure). The percentage weight remaining m(%) after buffer exposure was calculated as follows:
Cell isolation and culture
Five ml of bone marrow aspirate, collected from a healthy donor, was diluted in 15 ml of culture medium (Medium 199, from Sigma) supplemented with 0.5% Fetal Calf Serum (FCS, from Sigma) and 1000U/ml heparin. After collection the diluted bone marrow was layered over a Ficoll-Paque solution and centrifuged at 1100 RPM for 30 min. After centrifugation, the cells were initially washed twice in culture medium, suspended in culture Medium 199 supplemented with 10% FCS and seeded in 25 cm 2 culture dishes. After 24 h the non adherent cells were removed, while the adherent cells were cultured at 37 °C in 5% CO 2 atmosphere. The culture medium was changed every 2-3 days. After a week a cell monolayer was achieved; cells were detached using 0.25% Trypsin/EDTA solution and counted in a haemocytometer; approximately 1 x 10 6 cells were seeded to five 25 cm 2 culture dishes where the bioactivity experiments were carried out. The day after seeding about 90% of cells adhered to the dishes and they were ready for further studies.
Electrospun (ES) mats supplemented with ECGS, as well as plain polymer mats not containing ECGS, were used in these studies. Prior to the experiments all ES mats were sterilized as follows; they were initially hydrated in phosphate buffer (pH=7.4) for 2.5 h at 37 °C and then treated with ethylene oxide (14 h, 25 °C, 60% RH) followed by 2 weeks evacuation. Cell cultures were established for 7 days using 15 ml of Medium 199 supplemented with 10% FCS in the presence of ES samples (2×2 cm 2 ) . Control experiments were also run without ES mat sample in the culture dish. As a positive control cells were cultured in Medium 199 supplemented with 10% FCS and ECGS in a concentration routinely used in cell culture (100 µg/ml). As a negative control an identical experiment was run without ECGS addition.
Flow cytometry and morphological assays
To assay cell proliferation the intranuclear Ki-67 protein was estimated by flow cytometry using a Fluorescein isothiocyanate (FITC) conjugated monoclonal antibody (Becton Dickinson & Co Industry); the analysis was performed on mesenchymal cells recovered after the end of the culture experiments; briefly, approximately 2 x10 5 cells/cm 2 cells, after being trypsinized from the cell culture dishes, were permeabilized in the IntraPrep kit solution (Beckman Coulter) and then incubated with the primary antibody. Analysis was performed using a Beckman Coulter FC 500 Flow Cytometer equipped with argon laser (wave length = 488 nm).
Parallel studies were carried out to investigate cell viability in the different culture conditions applied. In this case, cells were recovered as described above and analyzed using the flow cytometer with the Annexin V -FITC / PI stain (Becton Dickinson & Co Industry). The results were analyzed using the Beckman Coulter CXP Analysis Software.
Additionally, cell viability, growth, spreading and shape changes were studied microscopically.
Differential Interference Contrast technique (plas DIC) was used to follow cell morphology and proliferation activity changes directly in the cell culture over a period of 7 days. Images of the cells were taken at the beginning of the experiments (day 0) and at the end of the 7th day (day 7). Cell counting was performed using an AxioObserver microscope (Zeiss) by means of the image analysis software AxioVision 4.6 (Zeiss). The analyzed sample area was 350 μm x 350 μm, and the results obtained from 4 different areas per sample were averaged. The profile tool was used to estimate the grey value along a given line across the sample. The result reflects cell density in the culture and cell granularity, giving an indication of proliferation state and activity of the cells.
Because of the correlations between cell shape and cell fate, the shape index S = 4πA/P 2 (2) where A and P are respectively cell area and cell perimeter, was also evaluated. Area and perimeter were individually estimated for each cell contained in the four analyzed 350 μm x 350 μm sample portions, and the average A and P values were used in Equation (2) . The shape index of an ideal circle is 0, while that of a linear object is 1.
